[1] The Tibetan Plateau is the type example of a large orogenic plateau formed as a result of continent-continent collision. The morphology of the plateau and its margins suggests that preexisting variations in crustal strength have influenced the growth of the plateau. We have developed a three-dimensional numerical model of deformation in a viscous crust in order to investigate the effects of lateral heterogeneities on plateau growth. The model includes a two layer crust and allows for lateral variation of viscosity in both the upper and lower layers. Model results indicate that crustal strength variations have a dramatic effect on the morphology and dynamics of a developing plateau. A region of strong crust is characterized by a very steep plateau margin that propagates extremely slowly, does not accommodate significant shortening strain, and is subparallel to local upper and lower crustal velocities. A weak crustal region develops a gently sloping margin; uplift propagates rapidly across the weak zone, and crustal material within the plateau is diverted toward the low-strength region. With a relatively simple distribution of strength variations, corresponding to strong Tarim and Sichuan Basin crust and a weak southeastern corner, our model produces a plateau with many similarities to the Tibetan Plateau, including the overall morphology, rotation around the eastern syntaxis, and E-W extension. Analysis of model results suggests that E-W extension of the central plateau may be related to the rapid eastward flow of crustal material into a weak zone in the SE corner without significant change in plateau elevation. 
Introduction
[2] Unlike oceanic plates, which tend to concentrate strain along discrete boundaries, deformation in continental crust may be distributed over areas hundreds or even thousands of kilometers wide [i.e., Molnar and Tapponnier, 1975] . A continental deformation zone may encompass regions of crust with different compositions, histories, thermal structures, and pre-existing anisotropies. As our understanding of the basic processes of continental deformation improves and our theories become more refined, we require a better understanding of the role of crustal heterogeneity. The effects of rheologic variations in the middle and lower crust on surface topography and deformation are particularly difficult to evaluate in active orogens because the relevant processes occur at depth and must be inferred from surface observations, geophysical properties, and comparison to analogous regions of exhumed lower crust.
[3] A prime example of active continental deformation is the vast region of Central Asia affected by the convergence of India and Eurasia. The most impressive product of postcollisional convergence is the Tibetan Plateau, which is often used to motivate and evaluate theories of continentcontinent collision. Because Tibet is in an active collision zone, we can combine measurements of current surface deformation from GPS data with displacement across active structures and observation of older structures to make inferences about the topographic and tectonic evolution of the plateau and surrounding regions. Such observations, summarized in the next section, indicate that strength heterogeneities, distributed laterally and with depth in the crust and lithosphere, play an important role in defining the mode and localization of crustal deformation in and around Tibet. This study uses numerical modeling to investigate the effects of lateral heterogeneities in the upper and lower crust on the patterns of uplift and surface deformation in collisional orogens, with application to the Tibetan Plateau.
Motivation: The Tibetan Plateau

Modern Morphology and Dynamics of the Tibetan Plateau
[4] The uplift of the Tibetan Plateau likely initiated with the collision of India and Eurasia at approximately 50 Ma [Dewey et al., 1988; Zhu et al., 2005; Guillot et al., 2003; Rowley, 1996] , although some parts of the region may have been moderately elevated as an Andean-type margin prior to collision [Murphy et al., 1997] . The modern plateau is characterized by a high elevation and extremely low-relief landscape that slopes gently from west to east [Fielding et al., 1994] . Convergence and deformation continue today, but the mechanisms and timing of uplift and deformation remain controversial and a wide variety of end-member theories have been proposed to describe the development of the plateau, including extrusion of rigid blocks [Molnar and Tapponnier, 1975] , underplating [Powell, 1986] or injection of Indian crust [Zhao and Morgan, 1987] , distributed crustal thickening [England and Houseman, 1986] , lithospheric delamination [Molnar et al., 1993] , and lower crustal flow [Royden, 1996] .
[5] We focus our discussion on the period of evolution between $12 Ma and the present, when the patterns and timing of deformation are better known than for older time periods, and the uplift of the peripheral regions of the plateau can be reasonably well constrained. Within the central plateau, deformation since Pliocene or perhaps late Miocene time has been characterized by roughly E -W trending strike-slip faults and N -S trending extensional grabens ( Figure 1 ) [Dewey et al., 1988] . It appears that much of the uplift of the central plateau may be Early Cenozoic [Rowley and Currie, 2006] , while Late Cenozoic uplift and crustal thickening have been focused preferentially around the northern and eastern margins of the plateau [Dewey et al., 1988] . The relationships between Late Cenozoic deformation, plateau morphology, and older geologic structures vary widely in different regions of the plateau, as described below.
[6] The Tibetan Plateau is bounded on the north and south by steep, well-defined margins. On the southern plateau margin, the Himalayas absorb almost half of the total active convergence between India and Eurasia along a large north-dipping thrust system [Zhang et al., 2004] . The steep topography in the region is a reflection of the active shortening and deformation along the margin and the relatively strong character of the underlying crust. The convergence direction between points in southern Tibet and in the Indian craton is essentially perpendicular to the mountain front. Although the rate of denudation is very high along the Himalayan margin of the plateau, exhumation seems to be in balance with crustal shortening, and the elevation of this region may not have changed greatly since the middle Miocene [e.g., Hodges, 2000] .
[7] In contrast to the active shortening along the southern margin, the steep northern margin of the Tibetan plateau parallels the left-lateral Altyn Tagh Fault. The dominant mode of surface deformation along this margin is leftlateral strike slip with only a small component of convergence [Yue et al., 2001; Tapponnier et al., 2001; Zhang et al., 2004] . Thrust faults associated with the Altyn Tagh Fault are oriented oblique to the plateau margin [i.e., Tapponnier et al., 2001] and GPS data indicate little convergence perpendicular to the margin [Zhang et al., 2004] . Only at the eastern and western ends of the Altyn Tagh Fault, in the Qilian Shan and West Kunlun Shan, is there significant margin-perpendicular shortening [i.e., Chen et al., 1999; Cowgill et al., 2003] . The steep northern plateau margin appears to coincide spatially with the transition between the more rigid crust of the Tarim block [Reigber et al., 2001] and the more rapidly deforming crustal terranes to the south.
[8] To the west, the plateau narrows considerably before merging into the Karakoram and Pamir ranges southwest of the Karakoram Fault. During Late Cenozoic time, deformation spread northwest of the Tarim Basin into the Tien Shan range, which began to rise around 10-11 Ma [Bullen et al., 2003] . The Tien Shan currently absorbs as much as 13 mm/ a convergence, nearly one third of the convergence rate between India and Eurasia [Abdrakhmatov et al., 1996] . The Tien Shan region experienced several episodes of deformation during Paleozoic collision events [Bullen et al., 2001; Windley et al., 1990] , and the current localization of convergent deformation in the range appears to be related to the pre-Cenozoic structure of the region.
[9] The eastern plateau margin encompasses a gently sloping, long-wavelength margin in the southeast, an extremely steep boundary between the plateau and the Sichuan Basin, and another gently sloping region north of the Sichuan Basin. Low temperature thermochronology studies [Clark et al., 2005b; Ouimet et al., 2005] and the presence of an intact low-relief relict landscape draping the gently dipping southeastern margin indicate that the southeastern margin has experienced little to no surface shortening or exhumation [Clark et al., 2005b] . Pliocene-Quaternary deformation in eastern Tibet is dominated by left-lateral strike-slip faults that cut across both the topographic gradient of the margin and the trend of older structures. Shortening structures of both Mesozoic and Cenozoic age trend oblique or perpendicular to the plateau margin [Burchfiel et al., 1995; Wang et al., 1998 ].
[10] The steep margin adjacent to the Sichuan basin appears to have uplifted in the past 5 -12 Ma with only minor upper crustal shortening [Kirby et al., 2002; Burchfiel et al., 1995] . In contrast to the high elevation regions of the central and eastern plateau, and to the gently dipping margin of the southeastern plateau, the location of this margin corresponds to older structures related to the furthest extent of deformation during the Indosinian orogeny [Burchfiel et al., 1995; Chen and Wilson, 1996] , indicating an older structural control on the location of the steep topographic edge of the plateau. GPS data show that there is currently no relative motion across this topographic front [Chen et al., 2000] .
[11] As the above observations illustrate, deformation styles vary widely around the margins of the plateau. In some areas, uplift and crustal thickening are well-correlated with surface structures. In other regions topography seems to have no relationship to recent surface deformation, but abrupt changes in morphology correspond to older structures or terrane boundaries. This contrast may be related to the relative importance of upper crustal and lower crustal deformation processes, and suggests that lateral heterogeneities in the upper crust play a key role in some areas but not others. The role of lower crustal heterogeneities is more difficult to determine, but since the strength of the lower crust partly determines how stress is transmitted in the crust, variations in lower crustal strength have an important influence on both surface deformation and the growth of topography.
Lower Crustal Flow in Tibet
[12] Lower crustal flow has been proposed to occur throughout the Tibetan plateau [Bird, 1991; Royden, 1996; Beaumont et al., 2001; Vanderhaeghe and Teyssier, 2001] . High temperatures and/or the presence of even small amounts of fluids or partial melt can greatly reduce the strength of continental crust [Rosenberg and Handy, 2005; Kohlstedt et al., 1995] , allowing ductile flow in the middle to lower crust in response to pressure gradients resulting from topography. This enables a lateral flux of material throughout the plateau with minimal deformation of the upper crustal layer. An important consequence of a weak lower crust is that it results in local decoupling between the mantle and the upper crust, and significantly reduces the transmission of stresses through the weak layer. Thus the recognition of lower crustal flow in an orogenic setting may be extremely important in the interpretation of large-scale deformation based on surface observations.
[13] A number of geophysical observations point to the presence of fluids or partial melt in the middle or lower crust of southern Tibet [Brown et al., 1996; Nelson et al., 1996; Ross et al., 2004; Wei et al., 2001] . Other studies indicate significant crustal anisotropy and thinning of the lower crust through lateral flow in central and northern Tibet [Haines et al., 2003; Ozacar and Zandt, 2004; Shapiro et al., 2004] . The crust beneath the southeastern margin has slow P wave velocities [Li et al., 2006] and high heat flow values [Wang, 2001] . Recent teleseismic receiver function analysis indicates the presence of a midcrustal low velocity zone extending from the thick crust of western Sichuan Province south through the thinner crust of Yunnan (L. Xu et al., Structure of the crust beneath the Southeastern Tibetan Plateau from teleseismic receiver functions, submitted to Physics of the Earth and Planetary Interiors, 2007, hereinafter referred to as Xu et al., submitted manuscript, 2007) .
[14] In contrast, the Sichuan Basin has been interpreted as region of strong lithosphere [Clark et al., 2005a] , consistent with fast seismic velocities down to 200 km depth [Li et al., 2006] and low heat flow measurements [Wang, 2001] . The Sichuan Basin sits atop cratonic crust of the Yangtze platform and has remained largely undeformed throughout both the Mesozoic Indosinian orogeny and the current Tibetan deformation [Burchfiel et al., 1995] . The Tarim Basin also behaves as a rigid undeforming block [Zhang et al., 2004] , and has long been regarded as a region of strong lithosphere [Vilotte et al., 1984; England and Houseman, 1985; Dewey et al., 1988] .
Modeling
Previous Modeling Studies
[15] Because the behavior of the lower crust cannot be directly observed, evidence for or against lower crustal flow in an active orogen must be obtained indirectly from observable geophysical parameters, by drawing from studies of exhumed lower crust [i.e., Vanderhaeghe et al., 1999a Vanderhaeghe et al., , 1999b Bouhallier et al., 1995] , and through observations of its effects on surface deformation and morphology. Theoretical modeling proves useful in predicting what these effects may be, and thus in generating hypotheses that can be tested by geological and geophysical observations. Early studies [Vilotte et al., 1984; England and Houseman, 1985] suggested that the presence of a rigid block approximating the Tarim Basin will have a significant effect on the development of a collisional orogen in a vertically homogeneous crust.
[16] Several analytical and numerical models address lower crustal flow in the context of plateau development [Royden, 1996; Shen et al., 2001; Vanderhaeghe et al., 2003; Jamieson et al., 2002 Jamieson et al., , 2007 Medvedev and Beaumont, 2006; Beaumont et al., 2006] ; however, these models do not allow for two-dimensional lateral variations in crustal viscosity. Clark and Royden [2000] focused on the eastern margin and used a one dimensional model of channel flow to explore the relationship between crustal strength and margin steepness. Clark et al. [2005a] related channel flow against a rigid cylinder to the dynamic topography observed between the Longmen Shan and the Sichuan Basin.
[17] These results suggest that there are important links between morphology, deformation style and crustal rheology, and highlight the need for a treatment of the role of both vertical and lateral crustal heterogeneities in plateau development. The modeling results, along with the correlation, described above, of older structures with steep boundaries imply that rheologic variations have almost certainly played an important role in locally shaping the eastern and northern plateau margins, but the extent to which blocks such as the Sichuan and Tarim Basins may have affected deformation throughout the rest of the plateau is unclear.
Model Development
[18] We follow the general approach of Royden [1996] , Royden et al. [1997] , and Shen et al. [2001] and model continuous crustal deformation using a simple rheology and relatively few parameters. The crustal flow model developed here treats the crust as an idealized incompressible Newtonian viscous fluid with two layers representing the upper and lower crust. Viscosity is allowed to vary laterally in both the upper and lower crust, but within each layer viscosity is invariant with depth ( Figure 2 ). The incorporation of lateral viscosity variations enables the model to evaluate the effects of particularly strong or weak areas on the evolution of topography. External forcing is provided by a horizontal velocity imposed on the base of the crust, and crustal thickness evolves in response to a competition between gravity and the assigned basal velocity.
[19] We do not model the thermal state of the crust or relate viscosity to temperature in the crust. The relationship between temperature and the bulk strength of the crust is not straightforward, and explicit modeling requires many assumptions about the composition and temperature of the lower crust, and the presence of fluids and partial melt. Using a 2D coupled thermal-mechanical model, Vanderhaeghe et al. [2003] have shown that the large-scale topographic characteristics of an orogen are not sensitive to whether viscosity is depth-dependent or temperature-dependent, as long as the viscosity contrast between the upper and lower crust is sufficient to allow effective decoupling between the upper crust and mantle. Thus our simple method of assigning viscosities should be sufficient to capture the large-scale behavior of the system.
[20] The use of a Newtonian viscous rheology allows the system to be fully described by the Stokes and continuity equations. With the appropriate assumptions and boundary conditions, the Stokes and continuity equations can be solved analytically to obtain expressions for the change in crustal thickness with time and the velocities of the surface of the crust, as shown in Appendix A.
[21] We assume that the crust is always in pointwise isostatic equilibrium, so that topography is fully compensated and scales linearly with crustal thickness, and that the lateral extent of the features of interest is much greater than the crustal thickness. We impose the following boundary conditions: (1) Horizontal shear stresses are zero at the surface. (2) The gradient in vertical stress at the surface is proportional to the topographic gradient. (3) Shear and normal velocities, shear stress, and normal stress are continuous across the interface between the upper and lower crust. (4) Horizontal velocities at the base of the crust are imposed on the model and correspond to plate like ''mantle'' velocities.
[22] In Appendix A, we derive equations for the surface velocities u s , v s , and the rate of change in crustal thickness @h/@t. These are solved to compute crustal thickness and surface velocity as a function of time, which can later be used to determine the velocity field at any depth in the crust. We solve the equations simultaneously using an implicit finite difference technique on a two-dimensional fixed grid. The models presented here use a grid spacing of 20 km and timestep of 0.01 Ma Models run with smaller grid spacing (10 km) and timesteps (0.0025 Ma) produced indistinguishable results.
Model Parameters
[23] This model incorporates a relatively small number of independent parameters. These include the viscosity of the upper and lower layers as a function of position, the initial distribution of crustal thicknesses, the thickness of the upper layer, and the velocity imposed at the base of the crust. Several additional parameters are introduced by a series of rules, described below, that we use to control the viscosity evolution of the lower crust. The small number of free parameters accorded by the adoption of a simplified rheol-ogy enables better understanding of the role that each parameter plays in the model.
Viscosity Criteria
[24] Since we do not calculate viscosity based on the temperature distribution in the crust, we need to establish criteria that allow the viscosity to change with time in the lower crust. The viscosity of the upper crust remains constant with time. The method described below is only one possible way of assigning viscosities in the general formulation of this model. Any number of other rules governing viscosity could be applied, but we found the following to be the simplest and most effective method.
[25] In the models presented here, the viscosity is initially uniform with depth over the entire crust and differentiation of a weak lower crust does not appear until some crustal thickening has taken place. Because a weak lower crust is unable to support steep slopes and inhibits further uplift and crustal thickening, the lower layer must have some initial strength or a region of high topography cannot develop. We use a critical thickness parameter (h crit+ ) that controls the onset of weakening in the lower crust and may vary in space and time. When the total crustal thickness at any point reaches this critical thickness value, viscosity in the lower layer at that point is reduced gradually until it reaches the prescribed minimum viscosity. The decrease in viscosity is linear with time and does not depend on further increase in crustal thickness. A gradual weakening of the lower crust promotes stability by ensuring that the lower crust beneath steep topographic gradients retains some strength.
[26] This method of weakening the lower crust simulates a time lag between crustal thickening and heating due to enhanced concentration of radiogenic isotopes and the possible introduction of fluids or partial melt. The timescale of lower crustal weakening has an important effect on the timing of plateau formation and the rate of plateau propagation, as a longer time lag will delay the transition to a plateau and will slow the propagation of the plateau margins. Studies of the thermal evolution of collisional orogens and plateaus suggest that appropriate timescales for heating and thermal weakening of the lower crust typically range from 10 to 20 Ma [Vanderhaeghe et al., 2003; Medvedev and Beaumont, 2006; Huerta et al., 1998 ]. Factors such as the initial temperature of the lower crust, the rate of heat production, the amount of water in the crust, and presence of partial melt will have a significant effect on the evolution of lower crustal strength in response to thickening and heating. The timescale that we use for lower crustal weakening begins only after the crust has reached hcrit + , and therefore reflects only the latest stages in the evolution of the lower crust. Although the rate of crustal thickening in the modeled plateaus varies with position relative to the suture, the total timescale for crustal thickening and lower crustal weakening generally falls within the 10 -20 Ma range (except for the regions that are weak prior to uplift described in section 4.2.2).
[27] A reverse technique for stabilizing the lower crust is also used. If crustal thickness decreases below h crit+ by more than a kilometer, viscosity in the lower crust is gradually increased until either the crust thickens again, or the lower layer viscosity has returned to its initial value. The values we use for the critical thickness parameter are selected to yield crustal thicknesses and plateau elevations similar to Tibet.
[28] Values used for viscosity and thickness of the lower crust are similar to those of earlier modeling studies [Clark and Royden, 2000; Shen et al., 2001 ] that match modeled topography to Tibet with a viscosity of 10 21 Pa s in the upper crust and 10
18 Pa s in a 15 km thick lower crust. These values are consistent with estimates of lower crustal viscosity from a number of actively deforming regions. Kaufman and Royden [1994] estimate that the maximum lower crust viscosity in Basin and Range Province is 10
19 Pa s for a 10 km thick channel. Independent estimates of lower crustal viscosity of Rhenish Massif in western Germany give effective viscosity around 10 18 Pa s for a 15-20 km thick lower crust [Westaway, 2001; Klein et al., 1997] . Vergnolle et al. [2003] suggest a viscosity between 10 16 and 10 19 in western Mongolia for a 15 km thick lower crust. When describing the strength of a layer of crust, viscosity scales with the cube of layer thickness, so estimates of lower crustal viscosity are highly dependent on the assumed thickness of the lower crust.
[29] The appropriate viscosity for upper and lower crust in ''strong'' areas is not well constrained, although modeling by Clark and Royden [2000] suggests that the effective viscosity of the Sichuan crustal block must be several orders of magnitude greater than the viscosity of the southeastern margin. Estimates of vertically averaged viscosity from Tarim crustal block and southern China are $10 23 Pa s [Flesch et al., 2001] . We find that as long as the viscosity used in the strong region is at least an order of magnitude greater than in the surrounding area and a weak layer is prevented from developing, the general results are not sensitive to the exact value used.
[30] The current thickness of the Tibetan crust is well constrained [Zhao et al., 2001; Molnar, 1988] , but the precollision thickness is less certain; for simplicity, we assign the crust an initial uniform thickness of 35 km. The convergence velocity of India with respect to Eurasia is well known from plate motion studies [Michel et al., 2000; DeMets et al., 1994 ] to be $50 mm/a over the last $40 Ma. This value was used for the velocity of a 2000 km wide ''subducting plate.'' 4. Results
Homogenous Crust
[31] We first discuss the results when no lateral strength variations are present (Figure 3 ): this will provide a basis for comparison to cases with a laterally heterogeneous crust. Convergence within a uniformly viscous crust with no weak lower layer results in a linear mountain range with an approximately triangular cross section (Figure 3a) . As the range grows, width and elevation increase while retaining a similar morphology. Because we assume that a weak layer does not develop in the lower crust until a threshold crustal thickness is obtained, this morphology describes the early evolution of a convergent system within laterally homogeneous crust. During this stage, moderate shear stresses are required to generate strain in the crust at tectonically significant rates; the flanks of the orogen are able to develop relatively steep topographic gradients. Orogen development during this stage is similar to the evolution of 2D viscous wedges described by Medvedev [2002] and Vanderhaeghe et al. [2003] .
[32] This general morphology is maintained until the orogen obtains the critical crustal thickness (h crit+ ) and the viscosity of the lower crust begins to decrease. Because the viscosity of the lower layer decreases gradually, the crust continues to thicken beyond h crit+ as the lower crustal viscosity drops. Eventually, the lower crustal viscosity becomes low enough that the maximum elevation of the orogen no longer increases. At this time, the orogen stops growing higher and starts spreading laterally, as a plateau begins to develop (Figure 3b ). In these initial stages of plateau development, the maximum elevation of the orogen decreases, first rapidly and then more slowly, as the plateau crustal thickness again approaches the critical thickness (h crit+ ). After these initial stages, the elevation of the plateau remains constant, the plateau continues to spread laterally and the area underlain by weak, flowing lower crust expands (Figure 3c) .
[33] The resulting plateau is quite flat above the weak layer; steep topographic gradients are only present at the margins, where the lower crust is still strong enough to support large shear stresses at relatively low strain rates. Shortening becomes localized along the plateau margins where the lower crust is still highly viscous. Within the interior of the plateau, the low viscosity layer in the lower crust precludes the transmission of significant shear stresses through the lower crust. The lack of coupling between upper crust and mantle results in velocity profiles where the motion of the upper crust can be very different from that of the underlying mantle. Channel flow (parabolic with depth) develops in the lower layer beneath the plateau. Rapid flow in the weak lower crust can occur in response to even small topographic gradients and the velocity of the lower crustal layer can be different from the upper crustal velocity and the mantle velocity in magnitude and direction. These results are similar to those of earlier modeling studies [i.e., Shen et al., 2001; Royden et al., 1997; Vanderhaeghe et al., 2003] , despite the differences between their models and the one used here.
[34] A plateau modeled with a laterally homogeneous crust has a number of similarities to the Tibetan plateau. The dimensions, elevation, and general shape of the modeled plateau are broadly similar to those of Tibet. In addition, the modeled surface velocities, particularly in the southern and eastern regions, are reminiscent of upper crustal motions in Tibet. However, the homogenous model cannot account for some of the distinctive characteristics of the plateau, such as the steepness and accurate shape of portions of the eastern and northern margins and the gentle gradients across the southeastern and northeastern margins. These are regions where lateral heterogeneities in crustal rheology have likely played an important role in shaping the topography and the geometry of the plateau margin. In order to better understand the effects of such heterogeneities, we look at how several types of lateral crustal heterogeneities affect plateau development.
Heterogeneous Crust 4.2.1. Strong Foreland Regions
[35] The most striking contrasts between the morphology of the Tibetan Plateau and the model results described above occur along the margins adjacent to the Tarim and Sichuan basins. Clark and Royden [2000] have proposed that this is due to the presence of anomalously strong crust beneath these basins. In this section we investigate the effect that regions of stronger crust embedded in the foreland lithosphere have on plateau development.
[36] Regions of stronger crust are modeled by assigning higher viscosities to both the upper and lower crust; we begin with a high viscosity zone embedded in the foreland north of the developing plateau. As the plateau grows northward and encounters this zone of strength, there is a dramatic effect on the morphology of the plateau margin (Figure 4) . In essence, the strong region acts as an obstruction to plateau propagation, controlling the position and slope of the adjacent margin. The plateau margin does not propagate across the high-viscosity region, which remains largely undeformed and experiences crustal thickening only right at the boundary of the region. The strong region is not designated as a completely rigid block and is able to deform, but the high viscosities assigned to the upper and lower crust of the strong region result in very slow strain rates, and deformation is unable to penetrate beyond the boundary of the obstruction. Instead, the flow of crust is diverted around the strong zone, causing an indentation, or concavity, in the plateau margin. The plateau margin adjacent to the ''obstruction'' is significantly steeper than all other plateau margins except the southern margin. Thus the region of anomalously strong crust shows up clearly in the morphology of the resulting plateau.
[37] A region of anomalously strong crust located in the path of convergence also results in somewhat higher elevation in the center of the plateau. This occurs because crustal material is constricted between the obstruction caused by the strong crustal block and the incoming ''plate'' on the opposite side of the plateau. As deformation proceeds, the crust of the high plateau begins to propagate around the ends of the strong region, and eventually ''wraps'' around the obstruction, leaving the strong region as a topographic low surrounded by the high topography of the plateau (Figure 4c ).
[38] Obstruction of plateau growth by a strong crustal region can also have a significant effect on crustal velocities. Figure 4 shows that a strong crustal region in front of the convergence zone may affect the motion of the upper crust over much of the central plateau. Compared to the homogeneous case discussed above, the northward component of upper crustal velocity is greatly reduced, and upper crust is instead deflected to the east and west. Over 80% of total N -S convergence is accommodated on the southern margin; the remainder is distributed across the central plateau, and no north -south extension occurs within the upper crust of the central plateau. There is very little convergence across the boundary adjacent to the strong crustal block, and flow is largely directed parallel to the margin. The lower crust moves rapidly around the obstruction, although in some places it has a component of motion toward the plateau margin. As the plateau wraps around the obstruction, velocities remain parallel to the boundaries of the strong region, particularly in the lower crust (Figure 4d) .
[39] A high-viscosity region embedded in the foreland to the east of the convergence zone has a similar effect on the morphology of the adjacent plateau margin ( Figure 5) . A steep margin, concave in planform, develops adjacent to the heterogeneity, which remains as an undeformed low-lying region. Again, most of the motion in the upper crust is oriented parallel to the boundary of the obstacle and there is no convergence across the margin. Although the local effects of a high viscosity zone are not dependent on its position relative to the convergence zone, a high viscosity zone to the side of the convergence zone has a less farreaching effect on the motion of the upper crust than an obstacle located in the path of convergence. Surface velocities in the central plateau are not significantly affected by the presence of an obstruction in this location. The pattern of rotation in the southeastern plateau is also only slightly affected by the strong crustal block.
Weak Foreland Regions
[40] In the context of our model, there are several different methods of specifying how zones of weak continental crust may be embedded into a foreland region. For example, the crust could begin with lower viscosity in both the upper and lower crust; the upper crust could have ''normal'' viscosity while the lower crust begins with lower viscosity; the lower crust could weaken more rapidly once h crit+ is reached; or the upper crustal thickness and the critical thickness for weakening the lower crust could be lower, allowing a weak lower layer to develop in thinner crust. Here we use a combination of these criteria, and define a ''weak'' area as one in which the lower crust begins with slightly lower viscosity, the upper crust is thinner, the h crit+ is smaller than in the rest of the crust, and the timescale for weakening is shorter (see Table 1 ). Thus our definition of a ''weak'' region is crust that is initially slightly weaker, and in which the development of a weak lower crust is accelerated.
[41] The presence of a weak crustal zone located to the north of the convergent zone has a profound effect on the morphology and crustal velocities of the developing orogen. Because crust is assumed to be attached to a strong mantle lithosphere, deformation cannot move into the weak region until the topographic front reaches it. At this point, as the plateau margin grows northward to encompass the zone of weakness, a broad, gently sloping margin is rapidly developed across the weaker area (Figures 6a and 6b) .
Despite the gentle topographic slope that that is developed above the weak crustal zone, the margin does not develop by synchronous tilting of the entire margin in a ramp-like geometry. Instead, crust in areas closer to the central plateau begins to thicken first, and surface uplift propagates northward (Figure 7) . Once the plateau margin reaches the far side of the weak zone, northward propagation slows (Figure 6c) . The weaker region then begins to slowly inflate as lower crustal material continues to flow in from the central plateau. The increased flow of crust to the north results in a plateau that is lower in elevation, slightly narrower from east to west, and that does not propagate as far to the south as in the homogenous case.
[42] Crustal velocities exhibit a dramatic response to the presence of the weak zone; a weak region results in crust being diverted toward the heterogeneity and rapid flow toward and across the developing margin (Figures 6 and 8) . The effect of a weaker region is most remarkable in the velocities in the lower crust (Figures 6d and 8) . Even a relatively narrow weak region will draw in lower crust from a significant portion of the plateau. Almost all of the lower crust in the central plateau flows toward the weak zone, flow toward the southern margin is greatly reduced, and flow toward the eastern and western margins is only seen relatively close to these margins. The E-W component of velocity in the central and northern plateau is directed inward due to the diversion of the lower crust toward the weak zone (Figures 6d and 8) . Deformation in the upper crust is less sensitive to the presence of the weak zone; although there is a greater component of northward velocity, the upper crust is not diverted into the weak zone from the east and west.
[43] The rapid flow of material into the weak region results in a large amount of north -south surface extension in the central plateau. Although the southern margin does accommodate $60% of the mantle convergence velocity, surface velocities on the plateau exceed convergence veloc- [44] The presence of a weak crustal zone located in a region to the east of the convergent zone has a similar effect on the morphology and crustal velocities of the plateau margin ( Figure 9) . A broad, gently sloping margin is rapidly developed across the weaker area. Surface velocities are affected into the central part of the plateau, so that the divide between eastward-and westward-flowing upper crust is located in the western part of the plateau. Thus more crust flows eastward than westward and the elevation of the plateau is lower than in the homogeneous case (Figure 9 ).
Application to Tibet
[45] We have evaluated the effects of several different types of crustal heterogeneities on the development of an orogenic plateau and have shown that variations in crustal strength may have significant effects on the morphology and dynamics of a plateau. In order to investigate the combined effect of such heterogeneities in the context of the Tibetan Plateau, we set up a model that incorporates high-viscosity heterogeneities approximating the Sichuan and Tarim crustal blocks and a weak region east and south of the convergence zone (Figure 10) , as suggested by the plateau topography and the model results shown above. In addition, because Indian crust is thought to be relatively rigid, we assign a slightly higher viscosity to the upper crust of the indenting block, resulting in a slightly slower southward propagation of the plateau.
[46] This model, after 40 Ma of evolution, produces a plateau that is similar to the Tibetan Plateau in a number of ways, particularly near the eastern and northern margins. The combination of a strong Sichuan Basin and a weak southeastern region result in a modeled eastern margin that matches the morphology of Eastern Tibet quite well. The slope and wavelength of the southeastern margin are reproduced (Figure 10) , as are the steep margin adjacent to the Sichuan Basin, the intermediate slope northeastern margin, and the concave shape of the margin around the Sichuan Basin. The model also predicts the east -west asymmetry of the plateau, as the plateau's width increases and elevation decreases from west to east, despite a uniform convergence velocity.
[47] Modeled surface velocities are comparable to surface velocities obtained with geodetic studies of Tibet [Chen et al., 2000; Zhang et al., 2004] , as well as to crustal motions inferred from geologic mapping in eastern Tibet (Figure 11 ) [Wang et al., 1998 ]. In particular, the model predicts significant amounts of shortening across the southern margin/Himalayan front, a lack of shortening between the northern plateau and the Tarim Basin, and east -west extension in the central plateau. In eastern Tibet, the model also predicts the rotation of material around the eastern Himalayan syntaxis, a zone of left lateral shear approximately corresponding to the location of the Xianshuihe fault, a lack of convergence in the Longmen Shan, distributed right-lateral shear northwest of the Sichuan Basin, margin-parallel motion north of the Sichuan Basin, and shortening across the northeastern margin in the Qilian Shan (Figure 11 ).
Discussion
[48] The results in this paper suggest that crustal heterogeneities have profoundly influenced the development of the Tibetan Plateau, and that many of the distinctive features of the plateau may be related to the distribution of these strength heterogeneities. In particular, the overall shape and asymmetry of the plateau can be largely explained by preexisting variations in crustal rheology and temperature (with the possible exception of southeastern Tibet, which may have resulted from a young thermal anomaly of unknown origin, see below). The plateau morphology is consistent with anomalously strong crust beneath the Tarim Basin, which appears to have acted as an obstruction to the northward growth of the plateau. This has limited the north -south extent of the western plateau, resulting in a plateau that is narrower in the west than in the east. The eastern extent of the plateau may also have been affected by the presence of weaker crust on the southeastern margin. Our results suggest that transfer of crustal material from the western plateau to the volumetrically greater eastern plateau is the result of diversion of crust around the strong Tarim block and the rapid influx of crustal material toward a region of weak crust along the southeastern margin. Thus the asymmetry of the plateau may be largely attributed to the position of the Tarim Basin relative to the convergence zone, although the latitudinal variation in convergence velocity [i.e., Soofi and King, 2002] , and the possible influence of a stress-free eastern boundary condition [i.e., Tapponnier et al., 1982] may also play a role.
[49] The strong (and recognizable) effects of crustal strength heterogeneities on the development of orogenic plateaus highlights the need to understand the origin and nature of such heterogeneities. Continental lithosphere is typically an amalgamation of crustal domains with different ages, composition, and geologic and thermal history; thus spatial variations in crustal properties should be expected. However, the juxtaposition of crustal units does not always produce the large effects seen in eastern and northern Tibet. For example, in the central Tibetan Plateau, the BangongNujiang and Jinsha sutures, boundaries between different crustal blocks, are not reflected in the morphology of the current plateau.
Strong Regions
[50] The apparently anomalous strength of the crust and lithosphere beneath the Sichuan and Tarim Basins is consistent with the current thermal state and the deformation history of these regions. Both regions lack previous episodes of penetrative deformation that affected and may have further weakened other regions of Tibetan crust, and both basins have formed in old cratonic lithosphere. Although our model focuses on the influence of heterogeneities in the crust, such strength variations are not necessarily confined to the crust, and may involve the mantle lithosphere as well. The Sichuan Basin, in particular, appears as a distinctive fast anomaly in P wave velocity models at lithospheric depths [Li et al., 2006] , suggesting that the lithosphere is colder than the surrounding regions.
Uplift of the Southeastern Margin
[51] Anomalously slow seismic velocities in the region of apparently weak crust in the southeastern plateau strongly suggest elevated temperatures in the lithosphere as compared to surrounding regions. The origin of such a thermal anomaly is not known; it may be related to mantle processes active above the slab in the Indo-Burman subduction zone to the west. However, much of southern China, including regions offshore, appears to show anomalously slow in P wave velocities at shallow mantle (lithospheric) depths, suggesting a possible, regional-scale anomaly related to as yet unknown processes [Li et al., 2006] . Potentially, the time at which the crust in this region became weak may shed light on the process by which this occurred. There are two end-member possibilities: first that the crust of the southeastern margin was weakened prior to plateau development, but that initiation of crustal thickening and lower crustal flow in this region occurred only after the southeastward edge of the plateau encountered the alreadyweakened crust. The second possibility is that the uplift and development of the southeastern plateau occurred at the same time as, and was initiated by, the weakening of the crust in this region. In the first scenario, the weakening is potentially unrelated to the growth of the plateau, while the second scenario is more suggestive of a link between crustal weakening and plateau propagation. In either case, crustal weakening cannot be simply related to crustal thickening and increased radiogenic heating because the region of weak lower crust appears to extend across the entire southeastern margin to regions of normal thickness crust in southern Yunnan [Xu et al., submitted manuscript, 2007; Clark and Royden, 2000] . Hence even areas of normal crustal thickness appear to have a weak layer in the lower/middle crust. Medvedev and Beaumont [2006] also conclude, based on modeling of channel injection, that the crust of the southeastern margin was likely initially weak.
[52] The deformation history of the southeastern margin can provide some constraints on the timing of weakening. The crust of the southeastern margin contains large lithosphere-scale strike slip shear zones such as the Ailao Shan, which accommodated large lateral motions between $34 and $17 Ma [Leloup et al., 2001] . Gneisses currently exposed in the Ailao Shan shear zone were metamorphosed at depths up to $18 km, indicating significant localized topography, erosion and exhumation [Schoenbohm et al., 2005] . This suggests that the crust in this region was sufficiently strong to support a narrow, localized mountain belt during this time period. Uplift of the southeastern margin without significant surface shortening appears to have been initiated around 8 -12 Ma [Clark et al., 2005b; Ouimet et al., 2005] , suggesting that by this time the crust had become weak. Thus the timing of weakening is approximately constrained to between $20 and $10 Ma. The current eastward-directed subduction regime in the Indo-Burman region and the opening of the Andaman Sea appear to have initiated around 13 Ma. The similarity in timing suggests that this change in boundary conditions may be related to the large-scale weakening of the lower crust in southeastern Tibet.
Structures
[53] The distribution and development of structural features on the Tibetan Plateau can be understood in light of this distribution of crustal strength heterogeneities. Our model treats the crust as a linear viscous material; therefore there is less strain partitioning in our results than would occur if we had incorporated a nonlinear rheology or strain weakening along faults. Nevertheless, even this linear viscous rheology produces many features of plateau deformation, many of which can be related to the location, orientation, and timing of observed structural features, as described below.
East-West Extension
[54] Models that incorporate a weak crustal area east of the convergence zone produce westward flow of crust and a dramatic increase east -west extension across the central plateau. Significantly, this is the result of and occurs contemporaneously with uplift of the eastern plateau. The observations from the plateau show a similar pattern, with the onset of rapid uplift of the southeastern plateau (at $10 Ma) being approximately the same age as the onset of east -west extension in the central plateau ($8 Ma) . We propose that east -west extension within the central plateau is due largely to the rapid motion of crustal material eastward into the region of weak crust in the southeastern plateau. If our interpretation is correct, the onset of eastwest extension should be associated with a small overall decrease in plateau elevation as material is evacuated from beneath the high plateau. This is in contrast to the hypothesis that extension results from a rapid increase in plateau elevation, perhaps due to convective removal of the lower lithosphere beneath Tibet. [i.e., Molnar et al., 1993] .
Strike-Slip Faults
[55] Important strike-slip faults exist adjacent to both the Sichuan and Tarim basins and accommodate movement of crustal material parallel or oblique to the margin. The Altyn Tagh Fault, which occurs near the boundary between the plateau and the Tarim basin, appears to have had a long history with varying rates of motion. Its role in the development of the Tibetan Plateau, especially its early history, is the subject of much debate [i.e., Mériaux et al., 2004; Shen et al., 2001; Yue et al., 2001] . However, the location of the Altyn Tagh Fault and its role in accommodating eastward, margin parallel motion in the upper crust suggest that the strong Tarim block has played an important role in the localization of this fault along the plateau margin. Although the Altyn Tagh Fault may have accommodated large amounts of displacement prior to and in the early stages of the India-Asia collision, we propose that the primary role of the current fault is the diversion of the upper crust eastward past the Tarim Basin, with transfer of shortening in the upper crust to the eastern and western ends of the fault.
[56] The Xianshuihe Fault is a younger feature that is generally thought to accommodate clockwise rotation of crustal material around the eastern Himalayan syntaxis. The timing of motion along the fault is not well constrained, but extrapolation of current rates indicates that the fault initiated at $8-10 Ma [Wang et al., 1998 ], making it approximately coeval with the initial uplift of the eastern plateau margin. Comparison with model results indicates that the Xianshuihe Fault accommodates a diversion of crustal material to the south around the strong crustal block of the Sichuan Basin. It also accommodates a rapid flow of crustal material into the weak crust region of southeastern Tibet. Our modeling suggests that the Xianshuihe Fault may have developed as the result of these two major strength heterogeneities. If so, then its development is causally linked to rapid uplift of the eastern plateau and the onset of rapid southeastward flow in the lower crust, as both result from the interaction of the developing plateau with areas of anomalously strong or weak crust.
General Conclusions
[57] As regions of anomalously strong or weak crust are incorporated into an actively developing plateau system, they cause systematic and recognizable effects on plateau shape, plateau margin steepness, and crustal velocity. The contrasting styles of deformation and morphology accompanying these lateral strength variations enable us to recognize crustal strength variations in actual orogens. The morphology of the northern and eastern margins of Tibet is consistent with the presence of strong crust in the regions of the Sichuan and Tarim Basins and weak crust beneath the southeastern margin.
[58] As a developing plateau encounters regions of strong crust, the adjacent plateau margin becomes steep, and is localized along the boundaries of the strong crustal block, and is commonly concave in map view. Despite the steepness of these margins, they do not accommodate significant shortening strain, and crustal material within the plateau does not generally move toward this plateau edge. Instead, velocities in both the upper and lower crust are directed subparallel to the plateau margin (Figures 4 and 8) .
[59] As regions of weak crust become incorporated into a developing plateau, the plateau margin acquires characteristics that are nearly opposite to those of a strong region. The weak crustal region develops a gently sloping margin that propagates rapidly across the weak zone and accommodates large amounts of shortening. Crustal material within the plateau moves toward the low-strength region, with rapid flow toward and across the low-gradient plateau margin (Figures 4 and 8) .
[60] We emphasize that the models presented here treat the entire crust as a continuously deforming material. In a real system, the dynamics of the upper crust will be complicated by strain partitioning along discrete structures and by the possibility of more block-like motion or the development of brittle fold and thrust belts. We emphasize that the goal of this study is to explore some of the largescale dynamics that result from the presence of crustal strength heterogeneities, and not to reproduce a detailed deformation history of plateau deformation. However, despite the simple rheology used in this model, a model set up with the appropriate geometry creates a plateau that matches a number of key features of the Tibetan Plateau. The similarities between the surface deformation predicted by the model and the GPS velocities in eastern Tibet suggest that the model is accurately capturing some of the fundamental controls of the dynamics of the plateau and can therefore be used with some confidence to more closely investigate the role of crustal heterogeneities in shaping the Tibetan Plateau.
Appendix A: Derivation of the Analytical Solution
[61] The crustal flow model developed here treats the crust as a Newtonian viscous fluid composed of two layers. The upper layer has viscosity m 1 and thickness h 1 , while the lower layer has viscosity m 2 and thickness (h À h 1 ), where h is the total thickness of the crust. Both layers have the same density r c , and m 1 is always greater than or equal to m 2 . Viscosity is dependent only on depth, total crustal thickness, and the initial viscosity distribution imposed. Deformation is described by the Stokes and continuity equations. For a fluid with variable viscosity the balance of forces in the x-direction can be expressed as
with similar formulations for y and z-directions. Flow is driven by pressure gradients caused by variations in the vertical compressive stress resulting from gradients in the surface topography. Pressure and viscous stress contribute to the total normal stress in the fluid. Thus the vertical compressive stress is given by (Turcotte and Schubert p. 236)
In order to solve to solve the Stokes equations explicitly for velocity in the x and y directions, we define a stream function Y such that We make the approximation that higher order lateral derivatives of Y are small compared to vertical derivatives, so the terms @ xx Y, @ xy Y, and @ yy Y can be neglected. Equation (A4) can then be restated in terms of u and v, and integrated over the crustal thickness. After applying the surface boundary conditions: @ x (s zz )j z=0 = @ x Tr c g, where T is the elevation of the surface above sea level, and the surface velocity u s = u(0), this yields:
Equation (A6) can then be solved explicitly for u(z), the x-component of velocity, by repeated integration of @ z (m@ z u) over the thickness of the crust. 
Evaluating equation (A6) for basal velocity u b = u(h) gives an explicit expression for velocity at the surface:
Performing the analogous derivation for the y-direction gives
